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i‘} something interesting
happens here

» »
source @SGH || Ilmtllmm detector

* Neutrino oscillation was a surprise in 90’s,
* now it is well-established phenomenon and
a lot of efforts are made to determine its parameters
* In future it can be a tool for
* beyond SM effects
» CP-violation mechanism
* Understanding matter-antimatter asymmetry
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of electron density - effective mass of electron neutrino is changi
® s raised for neutrino
® is lowered for anti-neutrino

Resonance enhancement appears at specific energies

¢ |t depends on Am? and electron density
e For Sun we observe resonance around 10 MeV
® From that we know that m;<m,
® position of m5is not known

- open question
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» Tokai-2-Kamioka: long-baseline

experiment with narrow-band beam [ERE |, S S
» Muon neutrinos produced in W : |
J-PARC laboratory in Tokai
(30 GeV protons on graphite)

» Near detector station 280 m from the
production point measures non-oscillated J aeadisbo
beam PIVPY - st

» Far detector (295 km away) — Super-

Kamiokande, water-Cherenkov detector in
Kamioka mine
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Main goal: neutrino oscillation studies The T2K Collaboratio‘ .
» muon (anti-)neutrino disappearance e R K AN ——
»electron (anti-)neutrino appearance ~bH00 members, 59 Institutes, 11 countries




el el e snlezisririe) ©.

V@ eve

P, = 1—sin®28,3sin*(1.267TAm3 L/ E),

Energy ~ a few MeV
Distance ~ km

® appearance -> long-baseline experiments with v,

beam
v —=V

e

Leading terms!

N P(V, — v ) =sin’26,,sin” 6, sin (1 27Am23L/E)

Second order terms depend on & and mass hierarchy

Energy ~ GeV

Distance ~ a few hundred km ‘
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Total Accumulated POT for Physics
v-Mode Beam Power
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* On May 27’th we Dec/31
achieved

v /V =50% /50%

e QOscillation analyses released:

Jan/01 Dec/31 Dec/31 Dec/31 Jan/01

18 May 2016 nu-mode POT: 7.12x1020 (48.6%)
POT total: 1.465x1021 nubar-mode POT: 7.53x1020 (51.4%)

2010

data taking
starts

2015 2016
recent results



Beam simulations 9
Detector
Neutrino interactions response Data on w and K mezon
model ¢ production (NA61)
\ Simulations of Measurements of beam
arameters on axis and
External dgta on V interactions with P
cross sections, . muon
secondary interactions parameter ajustement v

B Flux prediction for ND280

Parameters and
systematic uncertainties
from the fit

Number of
events
observed in SK

Prediction for far
detector

External inputs:
—> Constraint on Sin20,5, Sin%0,,
sin?0,, from reactors | AmM?2,3, d:p




lear detectors:

Designed 2
Beam center

Number of events / 10" POT

1.4

1.3

Ratio of events: observed/predicted

= 1.014 £ 0.001(stat) £ 0.009(det syst)|

INGRID and ND280

Detector on the beam axis
beam intensity and direction

—> stability control

Precision of direction
measurement [mrad]

6% = 0.030 + 0.011(stat) & 0.095,

6a™ — 0.011 & 0.012(stat) + 0.105
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UA1 Magnet Yoke emomentum measurement
oparticle identification - dE/dx

FGD
(Fine-Grained Detectors)
.active target mass

Off-axis near detector ] recoil protons detection
* v, and v, flux measurement | B
(constralnts for oscillation

Solenoid Coil

Constraints on flux, cross-section and syst.
for predictions at SK

measurements)
e Cross-section measurements (Side Muon
(carbon, oxygen) Range Detector)
_ improvement Barrel ECAL
Data on event display (CC 2 track): of muon
— == identification
i 11
e
’,/l/
- Same beam angle as for far detector — SK
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CE Here goal is to tune MC parameters
- detector description to get good agre
0 data and MC - fit model param. and S
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Fitted Normalization
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taking best-fit parameters — predict number of events
at far detector - from comparison with observation
determine oscillation parameters
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without ND280 constraints

14.4%

T2K oscillation systematic v, sample | v, sample v, sample | v, sample
(fractional) errors 2014 2014 2015 2015
v flux 16% 11% 7.1% 8%
v flux and without ND280 21.7% 26.0% 9.2% 9.4%
Cross ( constraint ‘ ( (
section WITH ND280 2.7% 3.2% 3.4% 3.0%
constraint
independent cross sections 5.0% 4.7% *10% *9.8%
(different nuclear targets)
Final State Interaction / 3.0% 2.5% 2.1% 2.2%
Secondary Interaction at Super-K
Super-K detector 4.0% 2.7% 3.8% 3.0%

13.5%

WITH ND280 constraints

( 23.5%
71.7%

( 26.8%
6.8%

Igt*n.s%

g*ll.O%

including uncertainties on effects ‘

multi-nucleon interactions (M



50 kton of water, 22. 5 kton
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observe Cherenkov light

beam events selected
based on time correlation

Single ring — candidate for
lepton from CC interactio
If track contained in SK (I
—> energy measured

- assuming CCQE one
can calculate v energy
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Observation in Supe

u-like e-like Selecting cz
* Single reconstructed * Single reconstructed
muon-like ring glectrgnl-ggid riog Wl - decay electron
) (P)"> 20? Me;//c . R:séb(l:nstructed E__ — not TEO — like
loatrone <1250 MeV dedicated tools used to search
* No decay electrons . . .
. Not,like between e-like S|r?gle' ring even
—~>to reduce contribution from NC v,
with ® production where one ring

is not reconstructed or overlaps

>‘ -
Event displays from Monte Carlo % 0.8 —
-8 -
% B
= 06
r 3
30 i —4— Data 15 B —4— Data § New method
[ Vu+¥, CCQE i [ Jv.—v.cc g 04 ]
2] ] v+, CC non-QE 12 r [ Background cH - . -
S L = = - N T R L L LD Previous method |
% ol B v.+5. cC +NC * % 28 events % 02 - ]
2 "11M120 events 2 1o - ]
g I _“;3 I '\, 0 L1 e N R R T
E & E I e 0 20 40 60 80 100
Z | z.

Energy of less energetic y (MeV)

Important improvement in purity of v,
selected sample

0.5 1

Reconstructed v energy (GeV) Reconstructed v energy (GeV)
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PHYSICAL REVIEW D 91, 072010 (2015)

- o S | e e L B |
% = 2 3 _|
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* > |
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r— - B 2.8 —
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g 40 - ——— MC Best Fit Spectrum 5 261 |
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i ! ] NCMC Prediction i A G ]
20 _— | 24 ~ T2K .
0 22 e T
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Reconstructed v Energy (GeV) sin’(6,)

using both samples in combined analysis — JINZERES NS - N . o c
determined while values for SiigZRE W WNZZN are taken from “solar” best fits.

e predictions are done for normal and inverted mass hierarchy

e analysis can be done using v reconstructed energy or charged lepton
momentum and angle with respect to the beam direction.

- for best precision — constraint from reactor experiments on sin“0., is used
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more data needed
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623 =458 +3.2° Amz21 =(7.53+£0.18)-10° eV?
612 =33.46 + 0.85° |Am232| =(2.44 £ 0.06)-10° eV?
913 =8.51+0.23° GCP = some hints

- PLEASE CONTINUE TO ENJOY
NEUTRINO OSCILLATIONS

to get better
knowledge on ...
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—— Normal Hierarchy
25 faVOTEd — Inverted Hierarchy
— Marginalized over MH

[ 68% Credible int.
[190% Credible int.

Probability (per

T2K phase Il and Hyper-K welcome
new, enthusiastic collaborators ...

and more....
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provements require better knowledge of int

better cross section measurements to test moc
INGRID

Measurement of the inclusive v, charged current cross section on iron
and hydrocarbon in the T2K on-axis neutrino beam
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Observation of all expe

appearance v, 2 v, OPERA
5 v_CC candidates found, with 0.25
events background

exclusion of background-only
hypothesis: 5.1 ¢

discovery of v_appearance

appearance v, 2> v, 12K
expected background: 4.64 + 0.53
observed (2013):

28 events
7.30 significance for non-zero 643

Number of v, candidate events /(50 MeV)

25

5 0.4

nnnnnnnnnn

Sum of momenta of charged part
and gammas

6/~ —4— T2K RUNI-4 data =
- —— Best fit spectrum 7
" 777 Background component

Reconstructed neutrino energy (MeV

Remember that v, appearance was visible Reconstructed neutrino energy:

in SNO via NC interactions, but not direct observation




